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Abstract 
The purpose of this study is to investigate the interface properties between soil and reinforcement, 
via experimental and numerical modelling of reinforced slopes. In particular, several scale models 
were built and tested under enhanced gravity in the geotechnical drum centrifuge at ETH Zurich and 
corresponding prototype numerical models were analyzed via a finite element stress analysis code. 
Optical fibre sensors were attached on the reinforcement layers of the experimental scaled models in 
order to measure linear strain during the increase of the g-level, and the results were compared to 
linear strain that was derived by the numerical analysis of the correspondent prototype reinforced 
slopes. The interface between soil and reinforcement was expressed in terms of normal and shear 
stiffness on the soil-reinforcement boundary and different values were tested in order to achieve 
validation of the experimental and numerical results.  
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1 Introduction 
Reinforced soil slopes are traditionally investigated by applying experimental, numerical and 
analytical methods with the main goal being to define their behaviour and failure mechanisms due to 
static and seismic loading. A more comprehensive analysis can be made for reinforced slopes with 
various geometrical and mechanical characteristics by combining the above methods so that useful 
conclusions can be derived about the methods applied.   
Experimental investigation requires detailed physical modelling of the planned construction and 
large or small scale models can be built and tested. The main forces that are applied and define the 
behaviour of soil structures, and reinforced slopes in particular, are those of self-weight. The simple 
gravity field is often inadequate when small scale models are examined. Numerical modelling in 
geotechnics requires detailed simulation of the mechanical and geometrical characteristics of the 
models. Finite element stress analysis is traditionally applied, and special attention should be given to 
the simulation of the interface between soil and reinforcement for the case of reinforced slopes. 
Analytical investigation of reinforced slopes is also applied for the design of reinforced slopes that are 
subjected to static and seismic loading and in order to examine their vulnerability. The analytical 
methods are based on the limit equilibrium method (Terzaghi, 1943) and on the limit analysis method 
(Drucker & Prager, 1952), and are applied for the design and evaluation of reinforced slopes 
(Kapogianni & Sakellariou, 2008). 
2 Centrifuge Modelling of Reinforced Slopes 
In order to recreate stress and strain due to gravity in a small scale model “1/n”, it is necessary to 
apply “n” times the gravity field. Enhanced gravity can be applied with the help of geotechnical 
centrifuge technology. Whereas the idea of using a centrifuge originated from Philips (1869), the 
application as a geotechnical centrifuge came from the 1930s (Pokrovsky & Fedorov, 1936; Bucky, 
1931), and many drum and beam centrifuges have been built around the world since then, establishing 
centrifuge technology as a powerful tool for the experimental investigation of geotechnical 
constructions (Laue, 2014; Springman, 2014; Craig, 2014 & 2001; Mayne et al., 2009; Schofield, 
1980). 
For the simulation of the prototype model behaviour in the geotechnical centrifuge, several scaling 
laws should be taken into account. Such laws have been presented in the past by Schofield (1980) and 
can be used in order to create models with geometrical and mechanical characteristics similar to those 
of prototype structures. Also, materials used for the model construction should satisfy the 
corresponding scaling laws and boundary effects should be minimized (Laue, 2002). Especially for 
reinforced slopes involving reinforcement layers, difficulties are encountered concerning the choice of 
materials, mainly because the reinforcements used in prototype constructions are inappropriate for 
small scale models, since they don’t replicate the full-scale stress-strain behaviour and the geometrical 
conditions at small-scale. Such scaling laws have been presented by Garnier et al. (2007), 
Viswanadham and Mahajan (2007), Viswanadham et al. (2006), Zornberg et al. (1997), and are 
applied for the purposes of the current study. The physical modelling of reinforced slopes in the 
centrifuge has also been studied by Balachandran and Springman (1997) and Springman et al. (1997). 
Several scaled wrap-around reinforced sand slope models were built and tested for the current 
study, under enhanced gravity up to 50g, in the ETH Zurich drum geotechnical centrifuge (Springman 
et al., 2001), with a facing slope inclination of 2V:1H (63.43°) and a total height of 20 cm (Figure 1a). 
The soil material used for the models was Perth sand from the west coast of Australia. Perth sand is 
white, fine grained sand with rounded grains. The angle of deposition is between 310 to 330 and the 
diameter of the grains lays between 0.125-0.5 mm. This soil is classified as uniform sand (Nater, 
2006). The height of the reinforced soil mass was 18 cm and the wall was built on a 2 cm sand 
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foundation layer. The reinforcement layers were uniformly spaced every 2 cm and different 
reinforcement materials were used, with length varying between 11-19 cm. The scale applied was 
n=50. 
Optical fibre strain sensors were glued onto the reinforcement layers in order to measure linear 
strain during the increase of the g-level. The locations of the sensors can be noted in the cross-section 
view of the experimental test set-up in Figure 1b. Sensors were placed on Layer No. 8, near the top of 
the slope and on Layer No. 4 near the middle of the slope. The details of the the material chosen, and 
the model making system set up, have been presented in Kapogianni et al. (2010, a & b). The physical 
models were instrumented to monitor the structures during the increase in g-level, and this was applied 
for the first time in the geotechnical centrifuge for the purposes of the current study. Innovative 
monitoring techniques have also been applied for various geotechnical structures (Soga et al., 2010).  
 
 
Figure 1a. Reinforced slope model (scaling factor n=50)    Figure 1b. Cross-section view (dimensions in mm) 
The optical fibre sensors that were attached on the reinforcement layers successfully measured 
linear strain during the increase in the g-level. Different values were recorded by the sensors placed on 
Layer No. 8, near the top of the slope and on Layer No. 4, near the middle of the slope. Some 
characteristic results are presented in Figure 2 for Layers No. 4 and 8. Linear strain increased as the g-
level increased and remained stable as the g-level remained stable. Also, as expected, strains measured 
on Layer No. 4 were higher than strains on Layer No. 8. It can also be seen that measurements taken 
by the optical fibre sensors were similar at the same locations for different tests, and for the same 
loading conditions. The time delay on the measurements was due to the fact that the optical fibre 
sensors started recording measurements at different moments during each of the tests. However, the 
time frame was the same when comparing the time that the strains started developing for the 
comparable tests. 
 
 
Figure 2.  Strain variation measured via o.f. sensors 
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3 Numerical Modelling of Reinforced Slopes 
The mechanical and geometrical characteristics of the correspondent prototype numerical models, 
created and analyzed by a finite element stress analysis code, are presented in the following. As can be 
seen in Table 1, two different reinforcement materials have been chosen to represent the reinforcement 
sheets. The scaling factor applied is n=50 for both materials, equal to the maximum g-level that the 
experimental slope models were subjected to. The reinforcement tensile strength in kN/m can also be 
seen for the stronger and the weaker material (Type 1 & 2 respectively).  The soil Young’s Modulus 
was defined equal to 30.000 kPa, the Poisson’s ratio 0.3 and the soil friction angle 310. 
 
Reinforcement Scale  Slope  Reinforcement Reinforcement Tensile   
  Material Factor (n) Height (m) Length (m) Strength (kN/m)  
Type 1 50 9 5.5-9.5 82 
Type 2 50 9 5.5-9.5 32.5 
Table 1. Mechanical and geometrical characteristics of prototype numerical models 
Representative results of the analysis performed via the finite element stress code (Phase2), are 
presented and discussed in the following section. At first, the Strength Reduction Method is applied, 
and the Strength Reduction Factor (SRF) that expresses the available extra strength on the 
constructions is defined. An example of a reinforced slope can be seen in Figure 3a, where the shear 
strain and failure mechanism for n=50 and reinforcement material Type 1 is presented. The failure 
mechanism is located near the end of the reinforced soil mass, as expected. The SRFs that have been 
calculated for the two models are presented in Table 2, and it can be noted that the SRF value is higher 
for the stronger reinforcement material, Type 1. The SRFs defined are higher than 1 for both cases, 
indicating that the models are far from failure, which also validates the behaviour of the correspondent 
experimental models. The numerical models were analysed again with expanded boundaries in order 
to investigate the influence of the boundary on the failure mechanism, and on the strains developed. 
As can be noted in Figure 3b and Table 3, smaller SRF values and higher shear strains were calculated 
for the models with expanded boundaries. However, this variation is not very high and models with 
limited boundaries were selected for further investigation, representing the experimental models more 
accurately. The interface friction along the walls was investigated and restrain at x axis and free 
restrain at y axis, for model with limited boundaries, while restrain at both x and y axis for model with 
expanded boundaries, were chosen. Further details have been presented in Kapogianni (2013). 
 
 
Figure 3. Shear strain in a 63.43° sand slope, due to reducing strength in the reinf. by the factor SRF 
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Material Type n Prototype Slope Height (m) SRF 
Type 1 50 9 1.80 
Type 2 50 9 1.70 
Table 2.  Strength Reduction Factor (SRF) for models with limited boundaries 
 
Material Type n Prototype Slope Height (m) SRF 
Type 1 50 9 1.70 
Type 2 50 9 1.50 
Table 3. Strength Reduction Factor (SRF) for models with expanded boundaries 
The numerical models were analysed again with pre-defined SRF equal to 1, in order to 
demonstrate the behaviour of the slopes due to self-weight loading. The results of this analysis were 
compared to the corresponding experimental results, and are presented in the following section. An 
example of the slope model with SRF equal to 1 is shown in Figure 4. As can be noted, shear strains 
developed are smaller for the lower SRF=1, as expected.   
 
 
Figure 4. Shear strain in a 63.43° slope, due to reducing strength in the reinf. by the factor SRF=1 
4 Comparison of Numerical and Experimental Results 
The results obtained by analysis of the prototype slope models via the finite element code, provided 
useful information about the model strength, failure mechanisms and shear strains developed. The soil 
was modeled as linear elastic-perfectly plastic and the angle of friction was 310. Additionally, linear 
strains of the reinforcement layers were defined, on the corresponding locations of the optical fibre 
sensors that were attached onto the experimental model reinforcement. In particular, linear strains 
were calculated by the division of the horizontal elongation “dl” and the corresponding length “l” of 
the reinforcement layers. Length “l” was defined as the distance between the nodes created during the 
mesh generation of the finite element models and “dl” the corresponding elongation. 
The interface between soil and reinforcement was investigated in terms of normal and shear 
stiffness. Normal stiffness kn equals the slope of the normal stress σ, versus the normal displacement 
of interface Δv, and shear stiffness equals the slope of the shear stress-shear displacement curve until 
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slip. In particular, various values of normal and shear stiffness were selected during the creation and 
analysis of the numerical models, in order to define those for which the numerical results were similar 
to the experimental ones. The limitations placed were that normal stiffness should be smaller than the 
Young’s modulus, and shear stiffness smaller than normal stiffness. The results are presented for 
reinforcement in Tables 4 and 5 for layers No. 4 and 8, near the middle and edge of the slopes for 
reinforcement material Type 1.  
 
 
   Normal Stiffness 20000 (kPa)    
Shear Stiffness (kPa) Strain via o.f. (scaled model) Strain via n.m. (prototype model) 
Layer No.4 0.0013 Middle Edge 
5000  0.001313 -1.8E-06 
10000 
 
0.00114 0.000214 
15000 
 
0.001071 0.000318 
20000 
 
0.001033 0.000376 
Layer No. 8 0.0007 
  
5000  0.001351 0.000502 
10000 
 
0.000870 0.000288 
15000  0.000707 0.000259 
20000 
 
0.000608 0.000222 
Table 4. Comparison of linear strain of scaled models, via optical fibre sensors (o.f.) and corresponding prototype 
numerical models (n.m.),  for various shear stiffness values and normal stiffness=20000kPa (limited boundaries). 
 
  Normal Stiffness 25000 kPa   
Shear Stiffness (kPa) Strain via o.f. (scaled model) Strain via n.m. (prototype model) 
Layer No.4 0.0013 Middle Edge 
5000  0.001300  
10000 
 
0.001150  
15000 
 
0.001069  
20000 
 
0.001034  
Layer No. 8 0.0007 
  
5000 
   
10000 
 
0.000914  
15000  0.000726  
20000    
Table 5. Comparison of linear strain of scaled models, via optical fibre sensors (o.f.) and corresponding prototype 
numerical models (n.m.),  for various shear stiffness values and normal stiffness= 25000 kPa (limited boundaries). 
As can be noted in Table 4, linear strains calculated for reinforcement Layer No. 4 near the middle 
of the slope are similar to the corresponding experimental results for normal stiffness equal to 20000 
kPa, and for shear stiffness equal to 5000 kPa. However, values near the edge of the slope are not 
similar due to the simulation method used. The reinforcement layers were placed using a wraparound 
technique in order to retain the soil during the construction of the experimental models, and this 
technique could not be applied in the simulation of the numerical models. It can be noted that linear 
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strains that were derived from the numerical analysis are similar to the corresponding experimental 
results for reinforcement Layer No. 8, for normal stiffness equal to 20000 kPa and shear stiffness 
equal to 15000 kPa. This identification occurs for values near the middle of the slope also for this 
case, however significant differences are noted near the edge of the slope. The results for normal 
stiffness equal to 25000 kPa are presented in Table 4 and strains that were derived for this case from 
the numerical analysis are similar to the experimental ones for shear stiffness equal to 5000 kPa for 
Layer No. 4 and for 15000 kPa for Layer No. 8. Results near the edge of the slope models are not 
presented for this case, due to the differences in the simulation method used that resulted in high 
deviation of the results.  
5 Conclusions 
The combination of experimental and numerical investigation of geotechnical models, and 
reinforced slopes in particular, can provide useful information about the performance of the 
constructions. Failure mechanisms can be defined by applying centrifuge technology on small scale 
models, and accurate measurements of strains developed can be recorded, by using the appropriate 
measuring techniques. Also, numerical models via a finite element analysis code can give useful 
information about the behaviour of the corresponding prototype models and the results can be 
compared with the experimental data. 
In the current study, optical fibre sensor technology was applied on reinforced slope models tested 
under enhanced gravity, and the linear strains were measured. Also, corresponding prototype 
numerical models were used in order to define the interface properties between soil and reinforcement. 
Calibration of the numerical model results via the optical fibre measurements was achieved by 
combining both physical and numerical modelling techniques and the interface was expressed in terms 
of normal and shear stiffness.  It was noted that smaller values of the shear stiffness were activated for 
lower layers of reinforcement and linear strains developed were higher, while higher values of shear 
stiffness were activated for upper layers,  and strains developed were smaller.  
After the definition of the interface properties between soil and reinforcement, the numerical 
models can be built and analysed again, using the new interface properties values. This technique can 
be applied to various geotechnical constructions and optical fibre linear strain measurements can be 
compared with corresponding linear strain results that were derived from numerical analysis. 
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